Background: Eosinophilic esophagitis (EoE) is an esophageal inflammatory disease associated with atopic diseases. Thymic stromal lymphopoietin (TSLP) and calpain 14 (CAPN14) genetic variations contribute to EoE, but how this relates to atopy is unclear.
Objective: The purpose of this study was to explore the relationship between EoE, atopy, and genetic risk.
Methods: EoE-atopy enrichment was tested by using 700 patients with EoE and 801 community control subjects. Probing 372 single nucleotide polymorphisms (SNPs) in 63 atopy genes, we evaluated EoE associations using 412 nonatopic and 868 atopic disease control subjects. Interaction and stratified analyses of EoE-specific and atopy-related SNPs were performed.
Eosinophilic esophagitis (EoE) is a food antigen-driven, esophagus-specific inflammatory disease associated with allergic inflammation and occurring in 1 in 2000 subjects. 1 EoE is typified by eosinophil-predominant infiltration of the esophagus that is often associated with difficulty swallowing and abdominal pain. 2 Successful treatments include food elimination and swallowed glucocorticoids, which is consistent with an atopic inflammatory process. Indeed, patients with EoE report high atopic disease rates. 1, [3] [4] [5] [6] [7] [8] [9] Strong familial clustering implicates a genetic basis for EoE. [10] [11] [12] Notably, multiple genome-wide association studies have identified disease susceptibility loci encoding thymic stromal lymphopoietin (TSLP) and calpain 14 (CAPN14).
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TSLP is a key epithelial cell-derived immune cytokine that regulates T H 2 responses, especially those involving IL-4 and IL-13 production. TSLP has been implicated in the atopic march and EoE. [16] [17] [18] [19] [20] [21] [22] CAPN14 is expressed in the esophagus and stimulated by IL-13, 15 and CAPN14 dysregulation is associated with impaired epithelial barrier function. 23, 24 Importantly, T H 2 responses are characteristic of atopy. However, it is unclear whether EoE risk variants interact with those contributing to atopy.
Thus the purpose of this study was to explore the relationship between EoE, atopy, and genetic risk. Here we evaluated the effect of nonatopic and atopic disease control subjects on EoE genetic associations and evaluated gene-gene interaction. We found a striking association of the IL4/KIF3A locus with EoE compared with nonatopic control subjects. When using atopic disease control subjects, we found an association with ST2. TSLP and CAPN14 were associated regardless of the control set. Importantly, we found evidence of interaction between single nucleotide polymorphisms (SNPs) at IL4 and TSLP, such that TSLP risk variants most strongly associate with EoE when the IL4 risk variant is present.
METHODS

Study design
To explore the relationship between EoE, atopy, and genetic risk, we used a multistep process. First, we sought to verify that atopic disease (asthma, atopic dermatitis [AD], allergic rhinitis [AR], and/or food allergy) was enriched in patients with EoE. To accomplish this, we compared rates of self-reported asthma, eczema, AR, and food allergy, as well as rates of at least 1 atopic disease, between patients with EoE and a set of community-based participants without EoE. We then sought to determine whether EoE genetic associations differed when using nonatopic versus atopic disease control subjects. Atopic disease control subjects were drawn from a hospital-based cohort that included participants with a physician's diagnosis of atopic disease. Nonatopic control subjects were drawn from the community-based control subjects. All cohorts were recruited in a similar time frame. To further evaluate EoE by using atopic disease, we then performed gene-gene interaction analyses between EoE-associated SNPs and an IL4 SNP that has been consistently associated with atopic disease. [25] [26] [27] [28] [29] [30] Analyses were restricted to subjects who self-identified as white. Participants were enrolled in institutional review board-approved protocols.
Study populations
Patients with EoE. Patients from the Cincinnati Center for Eosinophilic Disorders were offered enrollment into a repository that allows collection of information and samples from patients. For this study, the inclusion criterion was a confirmed diagnosis of EoE (the presence of upper gastrointestinal tract symptoms and an endoscopy with > _15 eosinophils/high-power field in proximal or distal esophageal tissue biopsy specimens per consensus recommendations 31 ) in childhood. Of note, approximately 15% of the EoE cohort overlaps with the prior study by Sherrill et al. 32 In this follow-up study genotyping was performed on a different platform, and we evaluated a different set of atopic disease control subjects.
Atopic disease control subjects. The Greater Cincinnati Pediatric Clinic Repository is a cohort of children with and without allergic disease. 33 Pediatric patients visiting the Allergy, Immunology, and Pulmonary Clinics at Cincinnati Children's Hospital Medical Center provided saliva DNA samples, approved use of their clinical data, and answered questionnaires. 33 Community control subjects. The Cincinnati Genomic Control Cohort is an institutional review board-approved cohort of children from the greater Cincinnati metropolitan area. 15, 34 Data were collected by using questionnaires; blood samples were collected for serum and DNA. Children with self-reported gastrointestinal disease were excluded.
Atopic phenotypes. For the atopic disease control subject, atopic disease phenotypes came from a specialty physician's diagnosis (AD from a dermatology or allergy clinic, asthma from a pulmonary or allergy clinic, and AR from an allergy clinic). For the EoE cohort and community control subjects, atopic disease phenotypes were based on parental report. To clarify food allergy further, we evaluated the proportion of children with EoE who were documented as being prescribed epinephrine (EoE cohort) or reported anaphylaxis (community cohort). Children from the community cohort with no reported asthma, AD (or eczema), AR, hay fever, or food allergy were used as nonatopic control subjects. Children from the community cohort with self-reported atopic disease were not included with atopic disease control subjects. Table E1 in this article's Online Repository at www.jacionline.org). Genes were selected for inclusion on a custom Illumina GoldenGate Assay (http://www.illumina.com) based on function and relevance to the epithelium, asthma, AD, immunity, and EoE. Gene-specific tagging SNPs were selected by using HapMap Genome Browser release no. 24 in the CEU and YRI populations and had an r 2 value of 0.8 or less and a minor allele frequency of 10% or more in either population. This chip contains 668 SNPs in 80 genes related to the epithelium and atopy plus 100 ancestry-informative markers (AIMs). The EoE and atopic disease cohorts were genotyped with this custom chip. Thirty-one SNPs failed genotyping, 134 were excluded for low minor allele frequency (<0.1), and 29 were excluded because of Hardy-Weinberg equilibrium deviations (P <.00001). In addition, rs10192210 in CAPN14 was genotyped in all cohorts by using TaqMan assays.
Abbreviations used
The community and EoE cohorts were also genotyped on the Illumina OMNI5 platform for the purpose of a genome-wide association study. A total of 371 SNPs overlapped between OMNI5 and the Epithelial Gene Array for Allergic Disorders plus the CAPN14 SNP from TaqMan, resulting in 372 SNPs. To account for genetic ancestry, principal component (PC) analyses were performed on AIMs by using EIGENSTRAT. 35 
Statistical analysis
Analyses were restricted to those whose genetic ancestry supported European descent (99.8%). Primary association screens compared patients with EoE with atopic disease control subjects and nonatopic control subjects (from the Cincinnati Genomic Control Cohort, excluding patients with asthma, AD, AR, or food allergy). Logistic regression was used to test for associations with EoE, with variants coded additively and sex and age included as covariates. The genomic inflation factor was estimated by using AIMs. Both the patients with EoE versus atopic disease control subjects and patients with EoE versus nonatopic control subjects exhibited evidence of population stratification (genomic inflation factor 5 1.49 and 1.36, respectively). PCs were included as covariates to control for population stratification (patients with EoE vs atopic disease control subjects, 4 PCs; patients with EoE vs nonatopic control subjects, 3 PCs; PC-adjusted genomic inflation factor 5 1 for both). In the screen the threshold for significance was an a value of 0.00036 after linkage disequilibrium (LD)-adjusted Bonferroni correction.
Given EoE's association with SNPs of IL4, CAPN14, and TSLP, we performed gene-gene interaction analyses between the IL4 variant (rs2243250, previously reported to be functional 36 ) and TSLP and CAPN14 variants by using logistic regression and incorporating IL4 SNPs by using the TSLP and CAPN14 SNP interaction term. For interaction analyses, the LD-adjusted Bonferroni correction was an a value of .0125. To explore these relationships further, we performed analyses stratified by the presence and absence of rs2243250, examining both P values and odds ratios (ORs). To evaluate synergistic effects between TSLP (rs3806933) and IL4 (rs2243250), we categorized subjects into 4 levels: those with (1) no risk alleles at either locus, (2) at least 1 risk allele at IL4 but not TSLP, (3) at least 1 risk allele at TSLP but not IL4, and (4) at least 1 risk allele at both loci. We performed logistic regression to determine how the combination of these 2 loci was associated with EoE compared with community control subjects. All analyses were performed by using R software.
RESULTS
Description of study cohort
We included 700 children with EoE, 868 children with atopic disease (asthma, AD, and/or AR but not EoE), and 801 community control subjects, 412 of whom were nonatopic (Table I) . 33 The EoE cohort was more male and slightly younger than the community cohort and slightly older than the atopic disease cohort.
Atopic disease is enriched in patients with EoE
To determine the degree of atopic disease enrichment in patients with EoE, we compared patients with EoE with community control subjects (Table I) . Atopic disease prevalence was markedly higher in children with EoE than in community control subjects (P < .0001). There was also marked enrichment for each atopic disease in patients with EoE (P < .0001). The prevalence of self-reported food allergy was high in patients with EoE and low in the community control subjects. Nearly half of the children with EoE were prescribed epinephrine (47.8%). In control subjects only 0.46% of the children reported food-induced anaphylaxis, which can be a proxy for clinically diagnosed food allergy. These data support an enrichment of atopic diseases in children with EoE.
Genetic associations with EoE differ when using nonatopic and atopic disease control subjects
When we compared patients with EoE with nonatopic control subjects (Fig 1 and see Table E2 in this article's Online Repository at www.jacionline.org) across 372 SNPs in 63 genes, the strongest No comparisons were made for rates of atopic disease between patients with EoE and atopic and nonatopic disease cohorts. NA, Not assessed. kP < .01, {P < .001, and #P < .0001 compared with patients with EoE. *Community control subjects were derived from the Cincinnati Genomic Control Cohort. Nonatopic control subjects are a subset of community control subjects. àAtopic disease control subjects were from the Greater Cincinnati Pediatric Clinical Repository, as previously reported. 33 genetic associations with EoE were detected at the IL4/KIF3A locus: 10 SNPs were associated at a P value of less than 10 . In addition, SNPs in several other genes (SPINK5, SOCS3, CD14, and PDE4B) showed association (P < .01) with EoE. In contrast, when we compared patients with EoE with atopic disease control subjects (Fig 1  and Fig 2 and see Table II ), the association between EoE and the IL4/KIF3A locus was nominally significant (best P 5 .019; OR range, 1.11-1.25). However, the association between TSLP SNPs and EoE persisted (best P 5 4.7 3 10 25 ; OR, 1.37 for risk allele). Furthermore, association between EoE and the CAPN14 SNP strengthened (P 5 .0001; OR, 1.71).
SNPs in several other genes (ST2, PDE4B, ADCY2, IL10, and HRNR) also exhibited association (P < .01) with EoE when using atopic disease control subjects (Table II) . Notably, the strongest association with EoE when using atopic disease control subjects, the ST2 (IL1RL1) gene (P 5 3.5 3 10
26
; OR, 1.77), was not significant when using nonatopic control subjects (P 5 .30; OR, 1.17).
Collectively, these results suggest that TSLP and CAPN14 genetic variation associate specifically with EoE, IL4/KIF3A is an atopic disease locus, and ST2 might require underlying atopic disease to associate with EoE. Importantly, IL4 and KIF3A are in strong LD (see Fig E1) . Thus determining which of the 2 genes is responsible for the association cannot be achieved statistically. However, previous work has implicated IL4 in atopic responses including those in EoE, [37] [38] [39] thereby justifying our focus on IL4.
Gene-gene interaction between IL4 and TSLP
We then tested whether the most strongly associated IL4 variant (rs2243250) interacted with TSLP and CAPN14 SNPs. In interaction analyses multiple TSLP SNPs exhibited significant interaction (best P 5 .0074, Fig 3) . However, the interaction between IL4 and CAPN14 was not significant (P 5 .12). Given that the allele frequency is greater for TSLP SNPs than for CAPN14 SNP, it is possible that we were underpowered to detect an interaction between IL4 and CAPN14 SNPs. Several genes associated with EoE when using atopic disease control subjects (ST2, ADCY2, and IL10) also exhibited nominal evidence (P < .05) of interaction with IL4. Given the strength of interaction between IL4 and TSLP, we stratified by the presence or absence of the IL4 risk variant and showed that associations (both P values and ORs) of the TSLP SNPs with EoE were stronger when the IL4 risk variant was present (Fig 2) . Similar effects were seen when evaluating KIF3A variants (data not shown).
When evaluating the effect of inheriting no risk alleles from IL4 and TSLP compared with only one or both, we found that inheriting a risk allele from one of these 2 genes was associated with modest risk increases (IL4: P 5 .004, OR of 1.55; TSLP: P 5 .10, OR of 1.25). However, children with risk alleles from both genes had a synergistic increased risk for EoE (P 5 2.0 3 10 210 ; OR, 3.67). Of note, having risk alleles from both IL4 and TSLP compared with having neither risk allele is highly specific (90% adjusting for no covariates), supporting the fact that having both risk alleles is highly predictive of EoE. Notably, the sensitivity is low (26%, adjusting for no covariates), suggesting that not having both risk alleles does not rule out EoE. Taken together, these data suggest that the IL4 locus interacts with the TSLP locus to influence EoE risk.
DISCUSSION
Here we investigated the relationship between EoE, atopy, and genetic risk. Prior work identified TSLP and CAPN14 genetic Genetic associations with EoE differ by control group. IL4 is a predominant association when using nonatopic control subjects. TSLP is a predominant association when using atopic disease control subjects. The y-axis is the 2log 10 P value. Numbers on the top x-axis denote chromosomes. Within a chromosome, variants are ordered by genomic position.
variation associated with EoE. Both genes have been implicated in T H 2 responses, a critical atopy component. Thus understanding the relationship between EoE susceptibility and atopic disease is germane to elucidating shared disease mechanisms. Our study demonstrated that EoE susceptibility is mediated by EoE-specific and general atopic disease loci, which can have synergistic effects. First, we demonstrate that children with EoE are markedly enriched for other atopic diseases (food allergy, asthma, AD, and AR). Second, we demonstrate that IL4/KIF3A strongly associates with EoE by using nonatopic control subjects, suggesting that the atopic disease component of EoE is underpinned by a factor or factors encoded by the IL4/KIF3A locus. Third, we demonstrate the persistence of TSLP and CAPN14 associations and an association with ST2 using atopic disease control subjects, supporting their specific role in EoE. Lastly, we identify an interaction between IL4 and TSLP SNPs, demonstrating a synergistic effect.
Taken together, these results provide novel evidence that EoE genetic associations might be conditional on atopy, which helps explain, at least in part, the high degree of comorbidity of atopic disease in patients with EoE. These results demonstrate the interplay of multiple genetic susceptibility loci for EoE and might help explain in part the high degree of comorbidity of atopic disease in patients with EoE.
Our study is the first to report a gene-gene interaction in patients with EoE, in particular between IL4 and TSLP, such that subjects carrying risk variants in both genes compared with those carrying none have a synergistic increased EoE risk (OR, 3.67) . Previous reports have demonstrated that IL4 interacts with IL4R, FCER1B, and ADRB2 for high serum IgE levels 40 and ADRB2 for asthma. 25 Other studies have implicated TSLP genetic variation in patients with EoE 13-15,32,41,42 and reported TSLP interacting with SPINK5 for asthma. 43 In addition, IL4 and TSLP are upregulated in esophageal tissue from patients with EoE. 13, 17, 44 There are multiple TSLP SNPs exhibiting this interaction, but the strong LD in this gene suggests these are not independent effects. HaploReg identifies multiple TSLP variants (including rs3806933, which exhibited the strongest evidence of interaction) that are expression quantitative trait loci, histone marks for promoters, enhancers, DNAs, and altered motifs. 45 Biologically, this interaction is plausible because TSLP is involved directly with T H 2-mediated responses through IL4 induction. 46, 47 Increased IL4 expression is sufficient to promote allergic responses. 48, 49 Importantly, TSLP can drive this allergic inflammatory response 16, 39, [50] [51] [52] [53] but might be most critical early in T H 2 immune responses. 54 There is also evidence that TSLP can be induced by activated T H 2 cells and thus might participate with IL4 in a positive feedback loop to enhance allergic inflammation. 55 Taken together, these studies support our novel finding of a genetic interaction between TSLP and IL4/KIF3A loci.
Our study also found that the genetic association of CAPN14 with EoE is present when using nonatopic and atopic disease control subjects. Previous work has implicated CAPN14 in patients with EoE. 14, 15, 41, 42 However, our study found that the OR was markedly greater when using atopic disease control subjects. It is important to note that although there was not statistical evidence of interaction between IL4 and CAPN14 (P 5 .12), this might be ascribed to the low allele frequency of the CAPN14 variant because we were underpowered to detect such an effect; thus future studies are warranted. There is substantial evidence that CAPN14 is involved in T H 2 signaling. Specifically, CAPN14 is upregulated in epithelial cells in response to IL4 56 and IL13. 15, 23 Interestingly, nickel exposure, which can cause contact dermatitis, is associated with increased CAPN14 In subjects with at least 1 copy of the IL4 risk variant (rs2243250), TSLP is strongly associated with EoE; however, in subjects lacking this variant, the association is only nominal (middle panel). Subjects with IL4 risk variants have substantially larger effect sizes (OR) than subjects lacking the IL4 risk variant (bottom panel).
expression. 57, 58 Furthermore, there are documented cases of dietary nickel allergy with gastrointestinal symptoms. [59] [60] [61] These studies offer potential mechanisms through which CAPN14 can act in concert with atopy.
Using nonatopic control subjects, we observed that the strongest association of EoE was with the IL4/KIF3A locus. These results replicated the findings of a previous phenotype-driven analysis. 62 However, the strength of this association became markedly attenuated when using atopic disease control subjects. Previous studies have reported associations between IL4 (specifically rs2243250) and asthma, 25, 29, 30, [63] [64] [65] AD, 27, 28, 66, 67 and AR, 26, 68, 69 as well as functional evidence. 36 Furthermore, GTEx analysis demonstrates that rs2243250 is associated with altered IL4 expression, 70 and HaploReg analysis predicts that this SNP is associated with enhancer histone marks and an altered Sox motif. 45 The strong associations between IL4 and atopic disease (EoE, asthma, AD, and AR) suggest that the IL4/KIF3A locus is a general atopy locus. These 2 genes are part of the T H 2 cytokine locus, which includes RAD50, IL5, and IL13. IL4 and KIF3A are in strong LD, 71 making it difficult to discern which gene or SNP is driving the association with EoE. 63 However, KIF3A is expressed constitutively, whereas IL4 is expressed in response to T-cell differentiation, suggesting a critical role for IL4 in atopic response. 72 Furthermore, in our previous analyses of gene expression in the esophagi of patients with EoE, we have shown that IL4 expression is associated with dysphagia, supporting its role in EoE. 73 Thus genetic variation at the IL4 locus likely contributes to overall atopic disease risk.
Using atopic disease control subjects, we identified an ST2 (IL1RL1) SNP that strongly associated with EoE (P 5 3.5 3 10 26 ; OR, 1.77). Although not previously associated with EoE, ST2 genetic variants (including rs1420089) have been associated with increased eosinophil counts and serum IgE levels and atopic disease. [74] [75] [76] [77] ST2 is a member of the IL-1 superfamily and binds to IL-33 to drive T H 2 cytokine production. 78 ST2 is expressed by eosinophils and basophils, and its binding with IL-33 induces potent cellular activation. [79] [80] [81] ST2 is also expressed in group 2 innate lymphoid cells, 82 which have been implicated in food allergy. 83 Furthermore, group 2 innate lymphoid cell levels are greater in patients with active EoE than in patients with nonactive EoE or nondiseased control subjects. 84 These data support a potential role of ST2 in patients with EoE in the context of atopy.
Our observation that IL4 and TSLP interact has several clinical implications. First, by accounting for the risk of IL4 and TSLP in combination, we found a highly specific effect (OR, 3.67; specificity, 0.90 compared with those with neither risk allele). This high degree of risk might allow for identifying a subgroup of EoE. However, studies to identify other risk factors are warranted because the failure to carry both alleles does not rule out EoE.
Second, the existence of this interaction might help explain the high rate of atopy in patients with EoE. Indeed, 80% or more of patients with EoE report asthma, AD, and/or AR. 5 Third, this IL4-TSLP interaction might also help explain how treatments can be broadly effective against a variety of atopic diseases. For example, the topical corticosteroid fluticasone is used in patients with asthma, AD, [85] [86] [87] and AR 88 and is also effective for EoE. [89] [90] [91] [92] [93] [94] However, this lack of specificity might also help explain why there is substantial steroid resistance at the tissue and clinical level in patients with EoE. 73 Thus drugs, such as humanized anti-TSLP antibody, anti-IL-13, and/or anti-IL-4 receptor a therapies, which show promise for the treatment of asthma, 95, 96 may also work alone or in combination for EoE.
In conclusion, these results are the first to report that EoE susceptibility is mediated by EoE-specific and general atopic disease loci, which can have synergistic effects, suggesting that EoE genetic associations are likely conditional on atopic disease. The demonstrated novel genetic interaction between IL4 and TSLP might help explain in part the high degree of atopic disease comorbidity present in children with EoE. These results suggest that the discovery of risk genes and variants for EoE will be highly dependent on the control cohort. Stratifying by known atopic disease genes (eg, IL4/KIF3A) can also be used to strengthen variants that can act in the context of underlying atopy. Because of the possibility of gene-gene interaction, it is critical to phenotype both cases and control subjects or to perform stratified analyses to minimize underlying heterogeneity. The identified shared genetic effects might help in identifying drugs to treat the underlying allergic inflammation across tissues and provide opportunities to better predict disease susceptibility and brings EoE one step closer to benefiting from precision medicine based on analysis of the interaction of multiple genotypes.
Clinical implications: EoE susceptibility is mediated by multiple genes that have synergistic effects. These genes include both EoE-specific and general atopic disease loci. Identifying these effects might help customize treatment.
